Abstract
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Solid-state co-digestion of lignocellulosic biomass with other feedstocks
136
Carbon to nitrogen (C/N) ratio is a crucial factor that affects the AD performance.
137
Lignocellulosic biomass may obtain low methane yields during mono-digestion due to their high 138 C/N ratios (usually higher than 50). Solid-state co-digestion of lignocellulosic biomass with 139 feedstocks that have lower C/N ratios has been used to obtain a proper C/N ratio (generally lower 140 than 20), and proved reliable for improving the methane yield (80%-691%) (Brown and Li, 2013;  (Table 2) .
143
Besides, the performance of co-digestion also varied with other operation parameters, such 144 as feedstock-to-inoculum (F/I) ratio. Methane yield of solid-state co-digestion of hay and 145 soybean processing waste decreased when the F/I ratio increased from 1 to 5 .
146
Similarly, solid-state co-digestion of spent mushroom substrate and yard trimmings (1:1) failed 147 when the F/I ratio was higher than 2 (Y. . The main reason was believed to be 148 VFA accumulation that caused pH drop and consequently inhibited the methanogenesis process.
149
During SS-AD of lignocellulosic biomass, buffer capacity is generally provided by the inoculum.
150
As a result, SS-AD processes at higher F/I ratios were less stable than those at lower F/I ratios 151 when VFA accumulation occurred, thus showed decreased methane yields or even failed. NaOH/urea, NaOH/urea/thiourea, and NaOH/PEG) at different temperatures (-15ºC, 0ºC, 22ºC, from Japanese cedar wood chips was achieved using C. subvermispora for fungal pretreatment,
171
although the improved final methane yield was still low (43 L/kg VS). Fungal pretreatment of 172 albizia chips with C. subvermispora achieved a 370% increase in methane yield, which was more 173 effective than pretreatment of yard trimmings with the same strain . After 174 pretreatment, most lignocellulsic biomass has been shown to obtain methane yields higher than alkaline pretreatment have each been tested for improving methane production by SS-AD of 179 hardwood, and achieved comparable methane yields (Figure 2a ) . Hot water 180 pretreatment obtained a 222% increase in methane yield from rice straw, which was higher than 9 that obtained using alkaline pretreatment (Figure 2b ) . Alkaline pretreatment 182 seems more effective than steam explosion and hot water in improving methane yield from 183 wheat straw (Figure 2b ) . However, it should be noted that these data were 184 obtained from different studies. Further studies with side-by-side comparisons between different 185 pretreatment methods using the same feedstock are needed in order to determine which method 186 is more effective for a specific lignocellulosic biomass. Besides, most of the above-mentioned 187 pretreatment methods were evaluated for L-AD, and their performance needs to be further 188 examined for SS-AD. 
Inoculum source and composition
193
For traditional commercial SS-AD digesters, the finished solid material, or "digestate", is 
196
Compared to other inocula, such as rumen fluid, manure, lake sediments, sewage sludge, and SS-
197
AD digestate, L-AD effluent has been found to more quickly initiate a SS-AD processes (Xu et microbes in the inoculum for methane production. Xu et al. (2013) reported that using diary 208 manure digester effluent as inoculum could obtain about 30% and 100% higher methane yields 209 from corn stover compared to using effluent from food waste and sewage sludge digesters,
210
respectively. This result could be attributed to the higher populations of hydrolytic microbes in 211 dairy manure effluent . Similarly, Gu et al. (2014) found that the highest 212 methane yield of rice straw was obtained by using digested dairy manure as inoculum, which had 213 higher cellulase and xylanase activities and more balanced nutrients than other inocula studied. 
Inoculation size
222
Inoculation size has been proposed to be one of the most important factors in batch SS-AD 223 to achieve high methane yield and digester stability. Larger inoculation size is usually preferred the first 10-30 days within the 300-day SS-AD), but less significant at the later stages. SS-AD of corn stover can be operated at a high F/I ratio of 6 . This is because 264 partial mixing limited the fast mass transfer of the excessive VFAs to the methanogens, thus 265 prevents the acidification of the inoculum. However, compared with complete premixing of 266 feedstock and inoculum with low F/I ratios, the methane yields and methane production rate 267 obtained from partial premixing and high F/I ratio were significantly lower, also due to the slow Although the increase of TS content has been commonly observed to reduce substrate 293 degradation and biogas yield, not much explanation or evidence has been provided for the 294 mechanisms behind it. Recently, more studies have been conducted to explain the effect of TS 295 content on methane yield, and most of them attribute the reason to mass transfer (Table 3) . It was found that VFA generation and feedstock degradation were faster in the thermophilic 315 digester than in the mesophilic digester, and that 95% of the methane yield potential was 316 achieved in 11 and 27 days under thermophilic and mesophilic conditions, respectively (Hegde 317 and Pullammanappallil, 2007). One concern about thermophilic SS-AD is that enhanced activity Another concern about thermophilic SS-AD is the high energy input for heating, which 
331
Although thermophilic SS-AD showed greater methane yield than mesophilic SS-AD, 332 mesophilic conditions had higher net energy production than thermophilic conditions due to 333 reduced initial heating requirements after inoculation (Sheets et al., 2015) . Currently, few studies 334 have been reported on net energy production by mesophilic and thermophilic SS-AD. These recent SS-AD models have focused on the interpretation of the effect of TS content 362 on methane yield and production rate ( Table 4) . Most of these models assumed that TS content is a key parameter that affects the mass transfer between the gas-liquid-solid phases in SS-AD, and 
398
Microbial community analysis has also been employed to study the effect of inhibitors in More research is needed to identify new locally available and low-cost feedstocks for SS-AD,
474
and to develop co-digestion strategies to utilize these resources.
476
Storage of biomass feedstocks is another crucial aspect for maintaining a viable biofuel side comparison between pretreatment methods using the same feedstock as well as an overall 500 evaluation of the process economics and environmental impacts are needed. reactors only produce significant amounts of biogas during their peak production days, which 508 limits the methane productivity. Also, an even and effective inoculation is hard to achieve in 509 large-scale operation, or it requires high energy input for initial mixing, as discussed in section loading of easily digestible feedstocks, two-stage systems should also be considered.
520
The translation of lab-scale SS-AD research to commercial digesters is another crucial 521 aspect that needs more research efforts. Mass transfer, a key factor in SS-AD, is still under 522 investigation (Table 3) . Heat transfer, another important aspect in scale-up, has rarely been 523 studied in SS-AD. Modeling is a good option for these research areas, while more experimental 524 studies are also required to obtain necessary data and verify model assumptions and results. 
Integration of SS-AD with other processes for value-added products
546
A common problem with SS-AD is the low value of the digestate, which could be 547 addressed by integrating SS-AD with other processes to generate value-added products. One Tables   778   779   Tables   780   Table 1 Potential of methane production by SS-AD of selected feedstocks in the U.S. Theoretical Based on ADM1 assuming homogenous system with modification of key parameters to be TS dependent.
781
Some mass transfer or microbial growth related kinetic coefficients in L-AD need to be adjusted with TS content to fit SS-AD data.
Diffusion limitation
Theoretical Diffusion limitation causes sugar accumulation, which inhibits the hydrolysis of substrates. An effective diffusion co-efficient in SS-AD is TS dependent.
Reaction rate increases with TS following Monod kinetics until a threshold is reached, and then decreases due to diffusion limitation.
3.  Logistic  General kinetic
Empirical
Correlates key parameters of empirical models with operating conditions, such as TS content, and hydrolytic retention time.
The maximal specific growth rate of microbes and substrate accessibility to microbes are related to TS content. 
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